Compartmentalization by self-assembly of lipids is a key element to the origin of life ([@r1], [@r2]), contributing to the organization of cellular membranes, the only common element of most organisms of life ([@r1], [@r3][@r4]--[@r5]). Natural membranes achieve an incredibly rich functionality by the self-assembly of few building blocks, mainly phospholipids and proteins but also functional elements such as transmembrane proteins, sphingolipids, etc. ([@r1], [@r6][@r7]--[@r8]). Remarkably, their functionality goes beyond the collection of its elements resulting in complex 2D segregation into microdomains (rafts) and nanodomains with synergistic functions ([@r9], [@r10]) combined with exquisite control of the mechanical properties of the membrane.

In the last decade, researchers endeavored to develop synthetic cells that can mimic functions known from living cells to study fundamental aspects of living systems ([@r3], [@r4], [@r11][@r12]--[@r13]). Giant unilamellar and multilamellar vesicles represent a promising and extremely useful biomembrane model system that provides access for systematic studies of mechanical, thermodynamic, electrical, and rheological properties as well as to introduce chemical and biological function ([@r10], [@r14]). Liposomes are lipid bilayer membranes formed from natural and synthetic lipids that accurately mimic the thickness, flexibility, and 2D dynamics of natural membranes ([@r1], [@r15], [@r16]). Nonetheless, they lack stability to environmental conditions, severely limiting their use for advance functions ([@r7], [@r17]). Stealth liposomes are stable vesicles containing a mixture of phospholipids, phospholipid conjugated with poly(ethyleneglycol) (PEG), and cholesterol ([@r18]).

Polymersomes assembled from amphiphilic block copolymers have received considerable attention ([@r19], [@r20]). Although they have sufficient stability, the thickness of the polymersome membrane is larger than that of the cell membranes, and the component copolymers lack the lateral mobility of lipids in cells, which causes different mechanical and dynamic behavior. Moreover, the inherent polydispersity of synthetic macromolecules affects the reproducibility of the assembly process.

Amphiphilic Janus dendrimers and glycodendrimers provide alternatives to lipids capable of self-assembly into vesicles and display special characteristics, such as enhanced stability, compared with liposomes in vitro ([@r21][@r22][@r23][@r24][@r25]--[@r26]). Their perfectly monodisperse structure can be tuned to generate cell membranes with the same thickness, flexibility, and mechanical resistance as natural cells. The higher stability of dendrimersomes is the result of additional weak intermolecular forces such as *π*--*π* interactions between aromatic branching centers in dendrons in addition to hydrophobic interactions and a larger number of hydrophobic chains per molecule, which reduces the critical assembly concentration ([@r27]). These amphiphilic Janus dendrimers can also be conjugated with sugars and assembled into glycodendrimersomes that mimic the glycans on biological membranes ([@r21], [@r28][@r29][@r30][@r31][@r32][@r33]--[@r34]). Additionally, they can be transformed into cell-like hybrids with either bacterial ([@r24]) or human cells ([@r25]). As with cell membranes, the bilayers of these supramolecular constructs act as a barrier between the inside and outside of dendrimersomes, glycodendrimersomes, and cell-like hybrids ([@r21][@r22][@r23][@r24]--[@r25]). Selective permeation can be provided, with comparable efficiency as with liposomes ([@r35]) and polymersomes ([@r36]), when either pore-forming transmembrane proteins or their mimics are incorporated into the bilayer ([@r24], [@r25]). Recently, the assembly of bicomponent dendrimers, dendrons with oligoethylene oxide and lactose, resulted in the formation of nanodomains, which represent a synthetic example of membrane nanoparterning that underpins the basis of primitive cell communication ([@r34]). Such domains have been observed on natural cells and recently in modulated phase patterns in quaternary mixture of phospholipids as a consequence of competing line tension due to the hydrophobic mismatch and local curvature ([@r10], [@r14]). Therefore, dendrimersomes and glycodendrimersomes function as biological membrane mimics that can help to elucidate concepts in synthetic cell biology and glycobiology such as compartmentalization, encapsulation and release, and selective transport ([@r21][@r22][@r23][@r24]--[@r25]), as well as fusion and fission ([@r37], [@r38]).

Currently, it has been a challenge to decorate the periphery of dendrimersomes with proteins and nucleic acids to add further levels of interaction with natural cells. Here the higher stability of dendrimersomes allows for the introduction of functionality beyond what can be achieved with liposomes. Specifically, higher amounts of hydrophobic molecules can be loaded into the membrane compared with liposomes. In addition, a nitrilotriacetic acid (NTA)-conjugated dendrimer was introduced to functionalize the periphery of the dendrimersomes via bioaffinity interactions. Such an approach does not pose any pressure on the stability of the dendrimersome and maintains the high lateral mobility for advanced functions. In addition, given the large number of recombinant proteins tagged with histidine, this approach is versatile. Thus, a large number of functional proteins and nucleic acids can be used to decorate the periphery of dendrimersomes to enrich functional behavior without modifying the basic dendrimersome platform.

Results and Discussion {#s1}
======================

Higher Loading of Hydrophobic Molecules in Onion-Like Dendrimersomes Compared with Stealth Liposomes. {#s2}
-----------------------------------------------------------------------------------------------------

Dendrimersomes were prepared by the self-assembly of amphiphilic Janus dendrimers in water. Giant (1--20 microns) unilamellar and onion-like vesicles ([@r26], [@r37], [@r39]) were prepared via thin-film rehydration to enable their characterization by optical microscopy.

The Janus dendrimers used in this study ([Fig. 1](#fig01){ref-type="fig"}) had been synthesized by previously reported methods, and their dendrimersomes have been characterized by cryogenic transmission electron microscopy ([@r22], [@r37], [@r39], [@r40]).

![Chemical structures of amphiphilic Janus dendrimers used for vesicle assembly, fluorescent labeling, and chelating.](pnas.1904868116fig01){#fig01}

To evaluate the capabilities of these dendrimersomes, their efficiency at loading low-molecular weight dyes, drugs, and large cargos such as proteins and DNA was compared with the loading capability of commercial stealth liposomes ([@r18]). A standard thin-film hydration procedure that included 0.5 mol % of fluorescent Janus dendrimer (R~H~-RhB, R~F~-RhB, red) ([Fig. 1](#fig01){ref-type="fig"}) was used for imaging. The spontaneous loading of small molecules was evaluated during the hydration step. A hydrophobic dye, boron-dipyrromethene (BODIPY) ([Fig. 2](#fig02){ref-type="fig"}), which is excited at 488 nm, was first tested. Compared with unilamellar stealth liposomes, unilamellar dendrimersomes loaded significantly higher concentrations of hydrophobic dye ([Fig. 2 *A*--*C*](#fig02){ref-type="fig"}). For both types of vesicles, the hydrophobic dye appeared to concentrate in the lamellar layer likely due to a combination of hydrophobic interactions and interactions of the π system of BODIPY and of aryl groups of the hydrophobic dendrons ([Fig. 2*B*](#fig02){ref-type="fig"}). The larger loading of hydrophobic molecules compared with the liposomes is a consequence of the higher stability of dendrimersomes (i.e., they can load more hydrophobic molecules before destabilization and due to the additional weak interactions described above). Therefore, the onion-like dendrimersomes, which offer a large number of lamellae in the same volume as a unilamellar object, are arguably ideal carriers for small hydrophobic molecules that fit in the bilayer. Indeed, it was found that onion-like dendrimersomes loaded between 5 and 15 times more dye than standard unilamellar liposomes ([Fig. 2*C*](#fig02){ref-type="fig"}). This is a significant finding because of the challenges associated with spontaneous loading of hydrophobic or neutrally charged molecules into liposome systems that aside from biological cell mimics are of interest also for medicine, cosmetics, and agriculture ([@r41]).

![Enhanced loading of hydrophobic small molecules in onion-like dendrimersomes. (*A*--*C*) Superior loading of hydrophobic small molecule, BODIPY, into dendrimersome vesicles compared with stealth liposomes. All vesicles formed by hydration. Onion-like dendrimersome vesicles load significantly higher concentrations of cargo than unilamellar vesicles. Representative confocal images of (*A*) multilamellar vesicles, and (*B*) unilamellar vesicles. (*C*) Image quantitation: R~H~-12 dendrimersomes load \>10-fold higher concentration of BODIPY cargo relative to either form of stealth liposome. (*D* and *E*) A hydrophilic small molecule, HPTS, loads more efficiently into stealth liposomes than dendrimersome vesicles; it is largely excluded from R~H~-10 and R~F~ dendrimersomes. (*F* and *G*) Chemotherapeutic drug, doxorubicin, loads much more efficiently in R~H~-10 dendrimersome onion-like vesicles compared with stealth liposomes. (*H*) Summary of max fold enhancement in small molecule loading, comparing dendrimersome to stealth liposome. Mean ± SD. \**P* \< 0.05, *\*\**P \< 0.01, and \*\*\**P* \< 0.001; ns, nonsignificant.](pnas.1904868116fig02){#fig02}

To evaluate the capability of dendrimersomes for enhanced loading of a hydrophobic drug, a basic form of the anthracycline drug Doxorubicin, which is used to treat solid tumors in various forms of cancer ([@r42][@r43]--[@r44]), was tested. Higher loading of Doxorubicin in both R~H~-10 and R~F~ onion-like dendrimersomes compared with stealth liposomes was found ([Fig. 2 *F* and *G*](#fig02){ref-type="fig"}). These results confirm the general principle that hydrophobic small molecules can be loaded at elevated levels into multilamellar dendrimersomes ([Fig. 2*H*](#fig02){ref-type="fig"}). In all cases, onion-like dendrimers contained higher concentrations of the hydrophobic small molecules, BODIPY or Doxorubicin ([Fig. 2 *C* and *G*](#fig02){ref-type="fig"}), and demonstrated that elevated loading is likely due to association of the small molecule with the vesicle lamellae. A water-soluble amphiphilic molecule, HPTS ([Fig. 2*E*](#fig02){ref-type="fig"}), displayed reduced rather than enhanced loading into dendrimersomes. In fact, this molecule was largely excluded from R~H~-10 and R~F~ dendrimersomes and in all cases showed higher loading in stealth liposomes ([Fig. 2 *D* and *E*](#fig02){ref-type="fig"}). Exclusion from R~F~ might be connected with the incompatibility with the perfluorinated lamellae.

Superior Retention of Cargos within Dendrimersomes. {#s3}
---------------------------------------------------

To evaluate ability of vesicles to retain cargos under physiological conditions, we characterized the stability of dendrimersomes and of stealth liposomes at 37 °C in the presence of buffer containing 10% of FBS ([Fig. 3](#fig03){ref-type="fig"}). After 2 h of incubation, stealth liposomes showed a near--2.5-fold drop in bound hydrophobic cargo. In contrast, R~H~-12 dendrimersomes retained 83%, demonstrating not only their higher loading capacity but their enhanced retention of cargos.

![Retention of hydrophobic cargo in vesicles and dendrimersomes. Amount of BODIPY loaded in (*A*) vesicles or (*B*) dendrimersomes before and after incubation with PBS + 10% FBS mixture at 37 °C for 2 h. Mean ± SD. \*\*\**P* \< 0.001; ns, nonsignificant; a.u., arbitrary units.](pnas.1904868116fig03){#fig03}

Design and Synthesis of a Janus Dendrimer Conjugated to an NTA Ligand. {#s4}
----------------------------------------------------------------------

To localize the immobilization to the surface of the dendrimersomes, a nitrilotriacetic acid (NTA)-conjugated Janus dendrimer (R~H~-NTA) that binds tightly to 6-His--tagged proteins was designed and synthesized ([Fig. 4*A*](#fig04){ref-type="fig"}). NTA is a tetradentate ligand which can bind metal ions such as Ni^2+^ together with multiple histidine (His) residues from proteins ([Fig. 4*B*](#fig04){ref-type="fig"}) ([@r45]). From a commercially available *N*~*6*~ carboxybenzyl (Cbz) protected lysine **2**, tribasic acid **3** was obtained via S~N~2 reaction with 2-bromo acetic acid in NaOH aqueous solution, followed by Fischer esterification with methanol in the presence of *p*-toluenesulfonic acid (TsOH) and deprotection of Cbz group via hydrogenolysis with palladium on carbon ([@r46]). Intermediate **5** containing a free amino group was conjugated with 3, 5-didodecyoxyl benzoic acid **6** via 2-chloro-4,6-dimethoxy-1,3,5-triazine (CDMT) and *N*-methylmorpholine (NMM) in THF to obtain compound **7** (67% yield). After hydrolysis with KOH in tetrahydrofuran and ethanol mixture and acidification with HCl aqueous solution, the target Janus dendrimer R~H~-NTA **8** was obtained in 86% yield. Furthermore, intermediate **2** can be synthesized via Cu^2+^ salt forming a complex followed by CbzCl protection by using literature reaction conditions ([@r47]) when large-scale synthesis for the R~H~-NTA is needed.

![(*A*) Synthesis of a Janus dendrimer conjugated to a nitrilotriacetic acid (NTA) ligand (R~H~-NTA) and (*B*) scheme of R~H~-NTA binding to histidine (His) residues from proteins.](pnas.1904868116fig04){#fig04}

Encapsulation of Proteins into Dendrimersomes in the Absence and Presence of NTA Ligand. {#s5}
----------------------------------------------------------------------------------------

A major challenge for synthetic cell mimics is to add functionality to their periphery while maintaining their stability. In particular, to localize functional proteins or nucleic acids on the periphery is of upmost importance to achieve functions such as catalysis, division ([@r48]), and even locomotion. Here R~H~-NTA ([Fig. 4](#fig04){ref-type="fig"}) was coassembled with Janus dendrimers R~H~-12 or R~H~-10. The resulting dendrimersomes have NTA groups in their inner and outer leaflets which were exploited for the bioaffinity immobilization of a His-tagged green fluorescent protein (GFP). GFP, having molecular weight of 25 × 10^3^ g·mol^−1^, 4 nm folded diameter, and acidic isoelectric point (pI), was selected as a representative of many proteins in bacteria and humans. This affinity immobilization enables one to place the biomacromolecule in any desired orientation, particularly important to enable maximum activity. ([Fig. 5*A*](#fig05){ref-type="fig"}). Spontaneous loading of His-GFP protein into onion-like liposomes and dendrimersomes without NTA ([Fig. 5 *B* and *C*](#fig05){ref-type="fig"}) was assessed by swelling the thin film of lipids or dendrimersomes in an aqueous solution of His-GFP. It was found that dendrimersomes were able to achieve more than 6-fold higher cargo loading than that achieved by stealth liposomes.

![Protein recruitment to dendrimersomes without NTA ligand. (*A*) Schematic of protein internal loading and surface binding to dendrimersome and liposome vesicles. (*B*) Dendrimersomes display higher spontaneous loading of protein cargos compared with stealth liposomes in their onion-like structures. (*C*) Confocal images show higher loading of His-GFP cargo to multilamellar dendrimersomes and stealth liposomes. Mean ± SD. \*\*\**P* \< 0.001.](pnas.1904868116fig05){#fig05}

We assayed immobilization of 6-His-GFP protein to the surface of R~H~-12 and R~H~-10 dendrimersomes in the presence of R~H~-NTA ([Fig. 6](#fig06){ref-type="fig"}). A control experiment with dendrimersomes that lacked NTA demonstrated that NTA-based dendrimersomes bound between a 10- to 100-fold higher amount of recruited protein at the vesicle outer membrane ([Fig. 6*B*](#fig06){ref-type="fig"}). Surface recruitment does not depend on the extent of lamellarity. These results demonstrate a general strategy for highly selective conjugation of His-tagged proteins to the surface of dendrimersome vesicles.

![Selective protein recruitment to dendrimersomes with NTA ligand. (*A*) Confocal images show selective recruitment of His-GFP to dendrimersomes containing R~H~-NTA. (*B*) Quantitation of cargo recruitment to dendrimersomes: surface recruitment is specific to presence of R~H~-NTA and does not depend on extent of lamellarity. Mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01; ns, nonsignificant.](pnas.1904868116fig06){#fig06}

Modular Tethering of DNA to SNAP-Tagged Dendrimersomes. {#s6}
-------------------------------------------------------

Decoration of the dendrimersome periphery with DNA is an important tool toward construction of synthetic cells. The hybridization of immobilized DNA can be exploited to induce binding, fusion, or fission or even to fix synthetic cells to surfaces as surrogates of stratified tissues. However, this experiment is challenging because the charge density of DNA imposes an osmotic pressure on the vesicle and can locally alter membrane curvature and morphology ([@r49]). To demonstrate the power of the NTA-dendrimersome platform for recruiting DNA, vesicles were decorated with His-SNAP, a protein that binds covalently to benzyl guanine (BG) ([Fig. 7 *A* and *B*](#fig07){ref-type="fig"}). This was exploited to bind DNA oligomers that were conjugated to BG to SNAP-decorated dendrimersomes. An ALC aptamer (EJ4), a DNA therapeutic that has been used for study and treatment of lung carcinomas, was selected for this experiment ([@r50], [@r51]). This 40+ nucleotide ssDNA molecule was also conjugated to a fluorescein amidite (FAM) dye to enable visualization by confocal fluorescence microscopy. The resulting dendrimersome vesicle contains both protein and DNA as layers and illustrates a general strategy to conjugate nucleotides to the outer periphery of vesicles ([Fig. 7*C*](#fig07){ref-type="fig"}). DNA aptamer was only strongly recruitment to liposomes and stealth liposomes that contained NTA dendrimer ([Fig. 7 *D* and *E*](#fig07){ref-type="fig"}). Nonspecific recruitment of DNA aptamer via SNAP protein was observed for dendrimersomes, which is consistent with the recruitment of proteins such as GFP to dendrimersomes in the absence of NTA ligand ([Fig. 5](#fig05){ref-type="fig"}). Nonetheless, recruitment to dendrimersomes was enhanced, particularly at the vesicle exterior, in the presence of NTA. Stealth liposomes and non-PEG conjugated liposome containing DGS-NTA lipid recruited the DNA aptamer to a lower extent to that of NTA dendrimersomes ([Fig. 7*E*](#fig07){ref-type="fig"}). The presence of PEG in the stealth liposomes does not interfere with binding of protein to NTA-containing liposomes ([Fig. 7*E*](#fig07){ref-type="fig"}).

![Modular tethering of DNA to SNAP-tagged dendrimersomes. (*A*) Schematic showing layering of a protein and DNA coat to dendrimersome vesicle. (*B*) His-SNAP proteins binds to R~H~-NTA to form the initial protein layer. SNAP binds to a BG conjugated to the DNA, allowing for modular formation of a second layer, composed of nucleic acids. The DNA aptamer is labeled with FAM to enable imaging. (*C*) Schematic of multilayer dendrimersome containing DNA and protein coat. (*D*) Binding of DNA aptamer to liposomes, stealth liposomes, or dendrimersome vesicles is dependent on presence of NTA group. (*E*) Quantitation of DNA aptamer recruitment to vesicle types. R~H~-NTA dendrimersomes demonstrate elevated DNA recruitment compared with NTA liposomes. Mean ± SD. \**P* \< 0.05, \*\**P* \< 0.01; ns, nonsignificant.](pnas.1904868116fig07){#fig07}

Conclusions {#s7}
===========

The platform presented here offers a strategy to modularly tether bioactive cargos to the periphery of the membrane-mimetic dendrimersome. These cargos include proteins and nucleic acids, as well as the hydrophobic molecules of both low and high molecular weight. The loading achieved through thin-film hydration of dendrimersomes surpasses that which can be achieved by formulations of commonly employed stealth liposomes. Janus dendrimers can be readily functionalized with ligands, including NTA-conjugated Janus dendrimers, and incorporated into the lamellar structure of dendrimersomes to bind proteins containing tags common in molecular biology. For example, His-tagged SNAP protein enables subsequent covalent conjugation to BG-modified nucleic acids, such as therapeutic aptamers. This approach allows creation of versatile dendrimersome assemblies ([@r52], [@r53]) capable of binding to a broad range of nucleic acids, a useful characteristic for a variety of synthetic cell applications. The dendrimersome platform described herein offers ([@r54], [@r55]) a very efficient encapsulation of hydrophobic target compounds that broadens their previous utility as biological membrane mimics ([@r34]).

Methods {#s8}
=======

Molecular Biology, Proteins, and DNA. {#s9}
-------------------------------------

Plasmids for recombinant expression of His-GFP and His-SNAP were transformed into *Escherichia coli* Rosetta 2 cells (Novagen) for protein expression. Cultures were grown in LB at 37 °C to an OD~600~ of 0.4, then temperature shifted to 16 °C for 20 min and induced using 0.5 mM IPTG at an OD~600~ between 0.5 and 0.7. Cultures were grown overnight at 16 °C. Cells were harvested by centrifugation and resuspended in PBS. Cells were lysed with 3 cycles of sonication and freeze--thaw and clarified by centrifugation. The supernatants were incubated with Ni-NTA agarose superflow resin (Qiagen) for 1 h at 4 °C. After extensive washing, proteins were eluted in a buffer containing 150 mM NaCl, 25 mM Tris, 250 mM imidazole, pH 8, 10% glycerol, and then dialyzed overnight to remove imidazole.

DNA aptamer (GAA GAC GAG CGG CGA GTG TTA TTA CGC TTG GAA ACA ACC CC) was purchased from Integrated DNA Technologies and contained a 5′ BG and 3′ FAM fluorophore modifications. Fluorescent dyes, BODIPY-FL and 8-Hydroxypyrene-1,3,6-Trisulfonic Acid, Trisodium Salt or pyranine (HPTS) were purchased from ThermoFisher Scientific. HPLC purified doxorubicin hydrochloride was purchased from Sigma-Aldrich. BG-GLA-NHS for the functionalization of the 3′-amino aptamer was purchased from New England Biolabs.

Synthesis and Acquisition of Dendrimer and Lipid Molecules. {#s10}
-----------------------------------------------------------

The synthesis of Janus dendrimers is shown in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1904868116/-/DCSupplemental).

Lipids. {#s11}
-------

Hydrogenated soy phosphatidylcholine (HSPC), *N*-(carbonylmethoxyolyethylene glycol 2000)-1,2-distearoyl-*sn*-glycero-3-phosphoethanolamine sodium salt (mPEG-DSPE), 1,2-dioleoyl-*sn*-glycero-3-phosphoethanolamine-*N*-(lissamine rhodamine B sulfonyl) (ammonium salt) (18:1 Liss Rhod PE), and 1,2-dioleoyl-*sn*-glycero-3-\[(*N*-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl\] (ammonium salt) (DGS-NTA) were purchased as CHCl~3~ solutions from Avanti Polar Lipids.

Preparation of Vesicles. {#s12}
------------------------

Dendrimersomes and liposomes were prepared by thin-film hydration. A solution of dendrimers or lipids (2 mg/50 μL) in chloroform was deposited on a roughened Teflon sheet and dried under vacuum overnight to remove all of the solvent. For the preparation of the stealth liposomes a mixture of HSPC (4.45 mg), cholesterol (3.1 mg), and mPEG-DSPE (0.4 mg) and 18:1 Liss Rhod PE (0.001 mg, for imaging) were dissolved in 50 μL of chloroform. For the dendrimersome preparation, a solution of 2 mg/mL of R~H~-10 or R~H~-12 and 11 μg/mL of R~H~-RhB (Rhodamine B labeled) in chloroform was prepared. This equated to a 99.4 mol % R~H~-12 or R~H~-10 and 0.5 mol % R~H~-RhB. Mixtures with R~F~ dendrimer contained similar ratios of R~F~-RhB. When present, R~H~-NTA was used at 0.2 mg/mL, equating to 14.4 mol % of R~H~-NTA. DGS-NTA lipid was used at 6 mol %.

After film formation and complete solvent evaporation, the films were rehydrated in 500 μL PBS (pH = 7.4, 0.5×) at 50 °C overnight.

Vesicle Loading of Small Molecules, Proteins, and DNA. {#s13}
------------------------------------------------------

When loading molecules into dendrimersome and liposome vesicles, BODIPY, Doxorubicin, and HPTS were included during the hydration step at a final concentration of 1 mM. BODIPY was dissolved in DMSO and mixed in PBS before hydration of Janus dendrimer or lipid. Doxorubicin hydrochloride or HPTS was dissolved in PBS buffer (pH 7.4). Doxorubicin hydrochloride can be partially deprotonated in buffer and in the vesicle membrane; therefore, Doxorubicin should be in the basic form when incapsulated into vesicle membrane. His-tagged proteins were added during hydration step at a concentration of 5 μM together with 20 mM MgCl~2~ and 200 μM NiCl~2~. Samples were stable for days but were usually imaged on the same day. For imaging, samples were diluted 1:30 in PBS. Due to issues with liposome stability and clumping we chose to dilute samples rather than applying them to a spin column to remove excess dye or drug. DNA was always added in a subsequent step, after vesicles were already formed, at a concentration of 100 nM.

Fluorescence Microscopy. {#s14}
------------------------

For all imaging experiments, samples were pipetted into custom gasket imaging chambers and imaged in brightfield and using 488 and 561 nm laser illumination on an inverted confocal microscope (Olympus IX81) containing a spinning disk head (Yokogawa ×1). Images were acquired using a 100× 1.4 NA oil objective, an EM-CCD (Andor iXon3) camera, and MetaMorph acquisition software. Images were collected at identical laser intensities and camera gain and exposed for the same period of time.

Image Analysis. {#s15}
---------------

Images were analyzed manually in ImageJ. We masked the lamellar region and an internal region and calculated either the concentration of fluorescent signal inside the vesicle or the summed pixel intensity in the vesicle boundary. Internal and total loaded concentrations were calculated by taking the average intensity from the appropriate masked region and subtracting fluorescent background from outside of the vesicle and calibrating it to known concentration standards. Boundary intensity was calculated by subtracting integrating pixel intensity between the outer and inner masked regions. Most measurements included at least 20 vesicles. Concentration of dye or drug loaded was estimated using a standard curve for fluorescence.

Analysis of Statistical Significance. {#s16}
-------------------------------------

To falsify the hypothesis that the differences between 2 sets of data could be explained by chance, we performed 2-tailed, unpaired Fisher *t* tests, making binary comparisons between datasets using Excel and Prism. Sample number *n* \> 15 was acquired and analyzed for each set of data. We report *P* values as \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001; ns indicates nonsignificant. A *P* value less than 0.05 is considered to be significant.
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